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Oligomeric forms of the amyloid beta (Ab) protein have been indicated to be an

important factor in the development of Alzheimer’s disease (AD). Since the

oligomeric forms of Ab can vary in size and conformation, it is vital to understand

the early stages of Ab aggregation in order to improve the care and treatment of

patients with AD. This is the first study to determine the effect of field amplified

sample stacking (FASS) on the separation of oligomeric forms of Ab1-42 using

capillary electrophoresis (CE) with ultraviolet (UV) detection. UV-CE was able to

separate two different species of Ab1-42 oligomers (<7 mers and 7–22 mers).

Although FASS required the use of a higher ionic strength buffer, Ab1-42 oligomers

had the same aggregation behavior as under the non-FASS conditions with only

small changes in the amounts of oligomers observed. In general, FASS provided

smaller peak widths (>75% average reduction) and increased peak heights (>60%

average increase) when compared to non-FASS conditions. UV-CE with FASS

also provided higher resolution between the Ab1-42 oligomers for all aggregation

time points studied. In addition, Congo red and Orange G inhibition studies were

used to help evaluate the conformation of the observed species. This work demon-

strates the ability of UV-CE employing FASS to provide higher resolution between

oligomeric forms of Ab1-42 without significantly altering their aggregation.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4954051]

I. INTRODUCTION

As discoveries within the human proteome have increased, misfolded proteins and mutations

of numerous proteins are being linked with various disorders (such as Alzheimer’s, Parkinson’s,

Type II Diabetes, etc.) in today’s world.1–5 Misfolded proteins have the potential to interact with

one another creating toxic aggregates, amyloids, which are most commonly known for fibril accu-

mulation and an increase in b-sheet content.1,2 Alzheimer’s disease (AD) is a devastating progres-

sive neurodegenerative disease without any current preventative treatment. AD is the most com-

mon form of dementia with the number of deaths increasing by 71% between 2000 and 2013.4,6 It

is estimated that for 2015 the total cost in health care for Americans with AD will be $226 billion.6

As the population continues to increase in life span, AD patient cases will also increase, creating a

huge economic and social impact in the near future.3,6

Though the exact mechanism of the disease is still unclear, AD has been correlated with a

wide range of cytotoxic aggregated amyloid beta (Ab) structures.1,7–9 Ab1–40 has been found

at higher physiological concentrations, but Ab1–42 is more pathogenic and predominantly found

in the Ab plaques.3,7,10–14 Ab1–40 and Ab1–42 vary by two hydrophobic amino acids in the

C-terminus, isoleucine and alanine, leading Ab1–42 to be more aggregation prone and to having

a higher toxicity.14,15 Furthermore, studies have been conducted showing that decreasing the

Ab1–42 level leads to a reduction in the risk of developing AD.15,16 Recent studies have also

shown that AD can occur without the presence of fibril plaques and suggest that the small solu-

ble Ab oligomers are the likely neurotoxic agent that is associated with the progress of

1932-1058/2016/10(3)/033105/10/$30.00 Published by AIP Publishing.10, 033105-1

BIOMICROFLUIDICS 10, 033105 (2016)

http://dx.doi.org/10.1063/1.4954051
http://dx.doi.org/10.1063/1.4954051
http://dx.doi.org/10.1063/1.4954051
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4954051&domain=pdf&date_stamp=2016-06-15


AD.1,6,9–12,17–20 The formation of oligomers are believed to be intracellular and can potentially

affect synapse functions, disruption of glutamate uptake, and prevent the ability to maintain

proper memory.1,3,17,21 Since the oligomer aggregates are unstable and time dependent, the

exact shape, size, and pathological pathway are hard to determine.22,23

A variety of techniques, including native page, enzyme-linked immunosorbent assay, light

scattering, mass spectrometry, and size exclusion chromatography, have been used to study Ab
as reviewed in depth by Pryor et al.24 Many previous studies have highlighted the difficulty

in narrowing the type of intermediate aggregates formed (such as ADDLs (amyloid beta-derived

diffusible ligands), oligomers <30 kDa, fibrillar oligomer, and protofibrils) and in analyzing Ab
without causing alternative aggregate pathways due to experimentation.3,6,14,17,19,25 Capillary

electrophoresis (CE) offers the ability to rapidly analyze these species at high resolution without

the use of denaturants or organic solvents which have been reported to alter the Ab kinetics.

CE uses a uniform electric field to separate proteins based on their conformation and size,

which typically correlates with molecular weight. Fig. 1 shows the general set-up for CE. The

negatively charged surface of the capillary leads to a bulk flow called electro-osmotic flow

(EOF). Under the conditions used in this study, the amyloid beta aggregates have a negative

charge which is opposite the direction of the EOF. Capillary coatings are often used to reduce

protein adsorption to the walls as well as to suppress EOF. Key advantages of CE include rapid

analysis times, low sample volume requirements, and the ability to use a variety of pre-

concentration techniques.

CE dimensions are typically 50–100 lm with sample volumes of microliters but actual

injection volumes as low as a few nanoliters.26 CE-based separations have also been translated

to microchip and nanochip formats to allow for more rapid separations, lower sample volumes,

as well as the ability create a total analysis platform or lab-on-a-chip.27–29

Capillary electrophoresis has previously been used to study amyloid beta aggregation.

Sabella et al. detected Ab1–40 and Ab1–42 oligomers (up to dodecamers) and larger aggregates

using CE with ultraviolet (UV) detection and an SDS (sodium dodecyl sulfate) rinse.30 Picou

et al. used UV-CE to separate Ab1–42 monomer from fibrils.31 Kato et al. used CE with laser

induced fluorescence (LIF) to separate two different Ab1–42 aggregates.32 Brambilla et al. used

LIF-CE to show that Ab1–42 aggregation is altered in the presence of PEGylated nanopar-

ticles.33 Furthermore, Pryor et al. used UV-CE to demonstrate the differences in Ab1–40

oligomer aggregation depending on how the samples are prepared.34 Although electrophoresis

in microfluidic chips has been used to study the amyloid beta protein, thus far it has not been

used to study its aggregation.35 Additionally, while these studies have indicated the value and

potential for using capillary or microchip electrophoresis to improve our understanding of

FIG. 1. Representative schematic of the capillary electrophoresis detection. Electro-osmotic flow (EOF) moves toward the

cathode, while the negatively charged amyloid beta aggregates move toward the anode. The capillary coating is used to

decrease EOF, but does not completely eliminate it. The UV detector output the absorbance over time for the FASS and

non-FASS analyses.
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amyloid beta aggregation, they have not examined how sample pre-concentration methods

might improve the detection of amyloid beta oligomer species.

One simple method of sample stacking that has been reported to increase sensitivity up to

at least 10 fold for peptide samples is field amplified sample stacking (FASS).26,36–40 FASS

involves injecting a sample at a lower buffer concentration (load buffer) than the separation (or

background electrolyte, BGE). Since the field strength is inversely proportional to conductivity,

ions in the load buffer migrate faster than ions in the BGE. When the load buffer ions reach

the interface with the BGE, they stack due to the slower migration of the BGE. Therefore,

FASS can be used to increase the limit of detection and the resolution for detection of a sam-

ple. This is the first study to demonstrate the ability of FASS to detect Ab1–42 oligomers with a

higher resolution than non-FASS conditions while not altering the aggregation kinetics.

Therefore, UV-CE implementing FASS offers the potential to observe more oligomeric peaks

with increased sensitivity.

II. MATERIALS AND METHODS

A. Ab sample preparation

A 1 mg lyophilized powder of Ab1–42 sample from AnaSpec (San Jose, CA, USA) was pre-

treated using 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as described by Pryor et al.34 The pre-

treated sample was separated into vials, dried, and stored at �80 �C. In order to analyze Ab1–42,

the HFIP treated peptide was solubilized in 5 mM NaOH and kept on ice for 10 min. After

10 min, enough sodium phosphate buffer with pH¼ 7.4 was added to the sample to reach the

desired final concentration. The sample solution was kept on ice for an additional 20 min. When

needed, samples were analyzed using a spectrophotometer at 277 nm to verify concentration

(using Beer’s law with extinction coefficient of 1280 l/(mol*cm)). Congo red and Orange G

experiments were conducted using 16.7 lM stock solution of inhibitor where 2% of the total sam-

ple volume was the inhibitor. This concentration was based on the findings by Necula et al and

Pryor et al.34,41 Congo red and Orange G were dissolved in deionized water to make the stock solution.

B. CE studies

All studies were conducted at 25 �C using UV detection on P/ACE MDQ Glycoprotein

System from Beckman Coulter, Inc., with a 214 nm filter, the total capillary length of 31 cm, and

the length to detector of 10 cm. All fused silica capillary tubing were purchased from Polymicro

Technologies with an inside diameter of 51 lm. The Ab1–42 samples were pressure injected at

0.5 psi for typically 8 s and separated at 7 kV. The separation buffer (also called background elec-

trolyte or BGE) for the CE was 100 mM sodium phosphate buffer with pH¼ 7.4.

In order to coat the capillary, the capillary was equilibrated by conducting a pre-

conditioning wash on a new capillary that included a 0.1 M NaOH rinse, a di-water rinse, and a

0.1 M HCl rinse to potentially wash away adsorbed substances on the capillary wall and regen-

erate the capillary. The capillary was coated using 0.5% 2000 kDa poly(ethylene) oxide (PEO)

purchased from Sigma Aldrich. The PEO coating helped reduce interactions between the capil-

lary and Ab1–42 and also suppressed electroosmotic flow. Additionally, the high molecular

weight coating provided a strong hydrophilic/neutral environment for peptide separation and

had self-coating properties. In addition, a polymer separation matrix was used in each run to

enhance the separation of the electrophoretic peaks. The polymer separation matrix consisted of

0.5% 50 kDa PEO dissolved in the 100 mM sodium phosphate buffer pH¼ 7.4 and 0.1% of

0.1% 2000 kDa PEO. Once the capillary was coated, the capillary was utilized for at most 4

days depending on the amount of sample analyzed. Before each sample injection, the capillary

was washed with filtered di-water to clean out contaminants and the coating was regenerated

with the polymer matrix. The polymer coating can break down over time or have decreased ef-

ficiency due to protein adsorption. Therefore, a long wash followed by rinsing with polymer

matrix (which contains a small amount of coating polymer) is believed to increase the lifetime

of the capillary.42
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C. Aggregation study

All amyloid beta aggregation studies utilized a VWR micro plate shaker at 25 �C and 300

RPM. At 0, 2, 4, 7, 12, 18, 24, and 27 h, 20 ll of the Ab1–42 in either 100 mM (n¼ 3) or

40 mM sodium phosphate buffer (n¼ 4) was used for the CE experimentations and 3 ll was

used for transmission electron microscopy (TEM) imaging (n¼ 1 for each buffer). Data col-

lected by the CE were analyzed to determine the migration time and absorbance intensity. The

CE data were translated from 32 Karat using Excel VBA program and compared using Origin
VR

(64 bit) from OriginLab Corporation. A bi-Gaussian fit was used to calculate the migration

time, peak area, width, and height.

In order to estimate oligomer size, the Ab1–42 samples were centrifuged using Nanosep MF

centrifugal filters (Pall Life Science) where the filtrate was analyzed using the CE. The centrifu-

gation process was conducted at 4 �C. Initial experiments indicated that there was noticeable

loss of the protein onto the filters, and therefore, the sample concentration was increased from

30 lM to 60 lM. The 60 lM Ab1–42 aggregated samples at 0 h and 7 h were analyzed. Before

filtering 20 ll of the 60 lM Ab1–42 sample was analyzed using CE to determine that there were

no significant changes in the peak pattern due to the increase in concentration. The rest of the

sample was filtered through one of the filters (30 kDa, 100 kDa, or 300 kDa).

In parallel with the ThT assays at 300 RPM, a parafilm sheet was dotted with 3 ll of

30 lM Ab1–42 at 0, 12, 27, 51, and 79 h for TEM imaging, n¼ 1 for each buffered (40 mM or

100 mM) amyloid. Additionally, 20 ll of 30 lM Ab1–42 inhibited by either Congo red or

Orange G was studied using the CE at 0, 2, 4, 7, 12, 18, 24, and 27 h. TEM imaging was also

conducted at 0, 12, 27, and 51 h for both inhibitors, n¼ 2.

III. RESULTS AND DISCUSSION

A. Time-frame for Ab1–42 oligomer formation

It was first necessary to establish an experimental time-frame where oligomer formation

would be expected. The time for Ab1–42 oligomer formation was estimated by conducting a

thioflaving-T (ThT) binding assay along with observations using transmission electron micros-

copy (TEM). ThT binds to aggregate with b-sheet conformations, which are believed to occur af-

ter the formation of toxic oligomeric species. Similarly, TEM can be used to visualize fibrils,

which also occur after the formation of oligomers. Because of the difficulty in observing oligo-

meric species without alterations, these two methods were used to determine an upper time limit

for experiments. An agitation rate of 300 RPM was selected for the study as it allowed a lag

time up to 7 h before the formation of b-sheets as detected by ThT binding (see supplementary

material).43 TEM images revealed the first fibril formation at approximately 27 h of aggregation,

which also correlated with a decrease in fluorescent intensity in the ThT binding curves (see sup-

plementary material).43 Therefore, the upper time limit for the aggregations studies was 27 h.

B. UV-CE with and without FASS

FASS provides a simple method to improve the separation and resolution of species

detected using UV-CE. Preliminary studies with bovine serum albumin were used to determine

an optimum FASS sample buffer concentration of 40 mM sodium phosphate (data not shown).

As shown in Fig. 2, the UV-CE analysis with both non-FASS (a) and FASS (b) conditions con-

sisted of more than one species of Ab1–42 as indicated by the presence of two distinct peaks

(�5 min and �10 min). Moreover, as the aggregation continued, the peak at 10 min slowly

decreased as the peak at 5 min increased. This indicated that the 10-min peak consisted of

smaller Ab1–42 aggregates than the 5-min peak.

Although larger aggregates would typically be expected to migrate more slowly than

smaller species, a previous study by Wang et al. has shown that Ab1–42 aggregates exhibit a

higher surface charge which would decrease their migration time and therefore explain why

those peaks would be detected first.44 To provide an estimate of the specific sizes of various
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Ab species, multiple authors have previously used centrifugation.24,30 Therefore, various molec-

ular weights cutoff filters (300 kDa, 100 kDa, and 30 kDa) were used to provide an estimated

molecular weight for the two species detected by UV-CE. The filtration studies (see supplemen-

tary material) provided an estimated size for the 10 min peak of less than 30 kDa (<7 mers) and

for the 5 min peak between 30 and100 kDa (7–22 mers), which is within the size range of oligo-

meric species.43

As Fig. 2 shows, the peak patterns are very similar between the FASS and non-FASS con-

ditions, but the peaks are much broader in the non-FASS conditions (Fig. 2(a)) than in the

FASS conditions (Fig. 2(b)). Since the peak areas in electropherograms correlate to protein con-

centration, the changes in peak area during aggregation for both non-FASS and FASS condi-

tions were determined as shown in Fig. 3. The changes in peak areas for both the <7 mers

(Fig. 2(a)) and 7–22 mers (Fig. 2(b)) species were very similar throughout the aggregation pro-

cess for both the non-FASS and FASS conditions. A previous study of the aggregation of HFIP

treated Ab1–40 using UV-CE by Pryor et al. reported an initial increase in the smaller aggre-

gates before a decrease was observed.34 A similar pattern can be observed in Fig. 3(a) where

the <7 mers species remain high or even increase in concentration, followed by a significant

decrease at around 12–18 h of aggregation.

For the 7–22 mers species (Fig. 3(b)), a statistically significant increase in peak area was

observed after 2 h of aggregation for both non-FASS and FASS conditions. After approximately

7 h of aggregation, the amount of 7–22 mers seemed to reach a plateau. It is interesting to note

FIG. 2. Representative electropherograms for UV-CE detection of Ab1-42 aggregation using (a) non-FASS (100 mM so-

dium phosphate load buffer) and (b) FASS (40 mM sodium phosphate load buffer). The presence of very narrow peaks

at or close to the 5-min peak were usually not replicated in experiments and were most likely due to microscopic

bubbles.
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that at 7 h (FASS) and 12 h (non-FASS), the peak areas for the <7 mers and 7–22 mers oligo-

meric species were statistically equal.

When comparing the peak areas between non-FASS and FASS conditions, the <7 mers

species were statistically the same for all time points. For the 7–22 mers species, the non-FASS

conditions had a statistically larger peak area than the FASS conditions between 2 and 7 h of

aggregation. This could indicate that the lower ionic strength used in the FASS conditions led

to a lower production of oligomeric species. However, formation of these early species can also

be highly stochastic, which could be another source of the difference. It is interesting to note

that the FASS conditions produced less statistical variation in the peak areas between 2 and 7 h

of aggregation. By 12 h of aggregation, the peak areas for non-FASS and FASS conditions

became statistically the same and remained so for the rest of the experimental analysis time

(27 h). While there were some small differences in aggregation between the non-FASS and

FASS conditions, overall they were very similar in terms of the aggregation time and concen-

tration for the different oligomeric species.

Once it was established that FASS conditions did not dramatically alter the aggregation

mechanism, it was important to characterize if FASS was having an impact on other important

variables including peak height, peak width, and resolution. Ab1–42 can be expensive to pur-

chase and difficult to obtain from physiological samples. Therefore, the ability to decrease the

amount of Ab1–42 required for detection was desirable. By utilizing the FASS method, the peak

height statistically increased for the <7 mers species (Fig. 4(a)) for all but two time points

(12 and 24 h). For the 7–22 mers species, the peak height was statistically higher between

12 and 24 h of aggregation when using FASS and statistically the same as the non-FASS condi-

tions for the remaining time points. Performing an average over all the species and time points,

FASS yielded an increase in peak height of >60%.

It was also desirable for peak widths to be minimized as this improves the separation

between the peaks and allows for potentially more species to be visualized. The FASS method

had decreased peak widths for all but one aggregation time point (12 h) when analyzing the

<7 mers species (Fig. 4(c)). For the 7–22 mers species, FASS produced statistically smaller

peak widths for half of the time points and was statistically the same for the remaining time

points (Fig. 4(d)). Performing an average over all the species and time points, FASS yielded a

decrease in peak width of >75%.

Resolution is a measure of the quality of separation between the peaks and is a function of

the peak width and the separation between the peaks. The resolution, RES, was determined by26

RES ¼
2 x1 � x2ð Þ

w1;1 þ w1;2ð Þ þ w2;1 þ w2;2ð Þ
; (1)

where w1,1 and w1,2 are the bi-Gaussian widths for the first peak, w2,1 and w2,2 are the widths

for the second peak, and x1 and x2 are the migration time for the respective peaks. For all

aggregation time points, using FASS for UV-CE increased the resolution between the

FIG. 3. Effect of FASS on with peak areas of Ab1-42 oligomers detected using UV-CE. Peak area of (a) <7 mers

(<30 kDa) and (b) 7–22 mers (30–100 kDa) oligomer species under non-FASS (�) and FASS (�) conditions, n¼ 3.
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oligomeric species (Fig. 4(e)). For analysis of the aggregation of Ab1–42, FASS conditions pro-

vided better resolution, smaller peak widths, and larger peak heights for detection of the aggre-

gating species. Therefore, FASS can be used to enhance the detection of aggregating proteins

such as Ab1–42.

C. Congo red and Orange G inhibition

Although filtration studies were used to estimate the size of the aggregated species, they do

not provide any information on their conformation. Therefore, Congo red and Orange G inhibi-

tion studies were conducted to further investigate the nature of these aggregates. Congo red has

been reported to inhibit oligomer Ab species or at least species smaller than fibrils.41,45 Orange

G has been reported to inhibit fibrils and to bind Ab in such a manner that it does not stop

monomers from aggregating but delays or eliminates fibril formation.41 As shown in Fig. 5(a),

Orange G did not inhibit the growth of the 7–22 mers peak, but instead appeared to increase

the peak areas for both the <7 mers and 7–22 mers species during the course of the aggregation.

This was further confirmed by comparing the peak areas with Fig. 3(a) where by 27 h the

FIG. 4. Effect of FASS on peak height, peak width, and resolution of Ab1-42 oligomers detected using UV-CE. Non-FASS

(�) and FASS (�) analysis of <7 mers (a) peak height and (c) peak width compared to 7–22 mers (b) peak height and (d)

peak width. (e) Resolution difference between the <7 mers and 7–22 mers for non-FASS (�) and FASS (�) conditions.

N¼ 3 for all experiments.
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<7 mers aggregates decreased and the 7–22 mers species increased. Additionally, for both the

<7 mers and 7–22 mers species, the peak areas in the Orange G inhibited samples were larger

for the majority of time points compared to the uninhibited samples (Figs. 5(b) and 5(c)).

While Orange G does give off a weak UV signal in the spectrum being used for detection, it

was more likely that these larger peaks areas corresponded to the inability of larger species

(specifically fibrils) to be formed in the presence of Orange G. This was further confirmed by

TEM imaging where little to no pro-fibril and fibrils were observed in the presence of Orange

G at these aggregation times. Interestingly, Ab1–42 inhibited with Orange G showed a signifi-

cant amount of “circular” aggregates (see supplementary material).43 Therefore, the species

observed by UV-CE detection were smaller than fibrils.

While it was expected that the addition of Congo red would suppress the growth of the

7–22 mers species, the actual effect proved to be more complex. In half the experiments,

Congo red inhibited the formation of the 7–22 mers species (Fig. 6(a)) while in the other half

there did not appear to be any significant inhibition (Fig. 6(b)). When taking a closer look at

the peak areas for the <7 mers (Fig. 6(c)) the trends were the same for the uninhibited sample

as well as Congo Red inhibited samples. Interestingly, the samples that did not show significant

inhibition of the 7–22 mers species have the highest peak areas for the <7 mers species. For the

7–22 mers samples, the Congo red samples that showed inhibition had almost no change in the

peak area; alternatively, the Congo red samples that did not show inhibition exhibited an initial

rapid increase in peak area. These samples also exhibited higher peak areas than the uninhibited

samples at almost all aggregation time points. Congo red is considered a weak inhibitor which

could explain its high level of variability between the different samples especially in the pres-

ence of a significant amount of larger aggregates at 0 h.46 In addition, the larger initial amount

of 7–22 mers species present in the samples could be acting as seeds for the growth of oligom-

ers and thereby bypassing the species that Congo red typically inhibits. TEM imaging showed

no change in the formation of fibrils between the uninhibited and Congo red inhibited samples

(see supplemental material).43 However, no proto-fibrils were observed in the Congo red

FIG. 5. Effect of Orange G inhibitor on Ab1-42 oligomers detected using UV-CE. (a) Representative electropherograms for

Ab1-42 aggregated in the presence of Orange G. UV-CE with FASS peak areas for (b) <7 mers and (c) 7–22 mers without

addition of inhibitor (�) or in the presence of inhibitor (�) conditions, n¼ 3.
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inhibited samples and the smallest observable species appeared to have a different conformation

in the Congo red samples compared to the uninhibited samples. The Congo red data indicated

that the Ab1–42 species observed by UV-CE are most likely oligomers, although a stronger

oligomer inhibitor would be recommended for future studies.

IV. CONCLUSION

This study demonstrated that UV-CE can be used to observe the early stages of Ab1–42

aggregation. These studies were conducted without the use of denaturants or organic solvents

which have been reported to alter the native aggregation of Ab. By employing FASS with UV-

CE, a higher resolution separation with larger peak intensities (>60% average increase) and

smaller peak widths (>75% average reduction) was achieved without significant alteration to the

aggregation process. While conducting the FASS technique using the CE, it was also important

to ensure the Ab1–42 aggregation was not affected by varying sample buffer compared to the

BGE. The peak areas for the non-FASS and FASS conditions were statistically similar for the

majority of the time points. Filtration experiments were used to estimate that the species detected

were <7 mers (<30 kDa) and 7–22 mers (30–100 kDa). Inhibition experiments with Congo red

and Orange G indicated that the species observed by UV-CE were smaller than fibrils and most

likely oligomeric. Overall this study shows the promise of using a pre-concentration technique

such as FASS to enhance the ability of UV-CE to study the early stages of amyloid aggregation.
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